Introduction
Osler stated 'A man is as old as his arteries' and since the early 1920s many authors have observed how closely related arterial pulse wave velocity (PWV) is to chronological age. [1] [2] [3] [4] [5] Stiffness represents the fundamental mechanical property of the large arteries responsible for the non-resistive component of left ventricular load and of vascular performance during diastole. Stiffness is translated to its functional effect, or compliance, via geometric factors. In the in vivo case it is impossible to directly measure total or regional arterial stiffness and it is therefore necessary to make inferences regarding arterial stiffness based on measurable properties. This article examines which measurements are closely related to age and should be measured.
Compliance is defined as the change in volume (dV) for a given change in distending pressure (dP) or dV/dP. Distensibility is related to compliance and given by the relative change in volume per unit give the relationship of these measurements with age. CAC, the QKD interval and the carotid-toe interval were most closely related to age (r ‫؍‬ ؊ 0.51, ؊0.60 and ؊0.58 respectively). After adjustment for age, the only measure related to blood pressure was the carotid-finger interval; b for diastolic blood pressure ‫؍‬ ؊0.83 (P ‫؍‬ 0.01), the higher the pressure the shorter the interval. Measurements of CAC, QKD interval and carotid-toe interval may be employed to assess the impact of age on vascular compliance. Measures of peripheral vascular compliance, such as the carotid-finger interval, may prove useful in assessing the relationship between blood pressure and vascular compliance.
pressure (1/V.dV/dP) while stiffness can be expressed as Eh/2R where E represents Young's modulus of elasticity of a vessel of volume V, radius R and wall thickness h. As PWV is inversely related to the square root of distensibility through the Bramwell-Hill equation 6 it is often assumed that PWV is an acceptable surrogate measure of compliance or distensibility. However it is affected by arterial tortuosity, tapering and varies with blood pressure. 6 PWV is often measured in the brachial, radial, femoral and other muscular arteries and this information may not correlate well with dV/dP in the central aorta. Even measures of PWV from the ascending aorta to the femoral artery will be expected to include a region of the abdominal aorta that varies in length from person to person, and, in all probability, contributes little to the increase in volume with the increase in pressure associated with left ventricular ejection.
We therefore employed measures of both central aortic and peripheral vascular compliance in a study of cardiovascular aging to determine, in volunteers, the measure most closely related to chronological age and the measure most suitable for use. We compared three measurements predominantly based on PWV; the Q wave Korotkoff diastolic sound (QKD) interval using an ausculatory ambulatory system 754 recording sound from the brachial artery; the carotid-finger pulse interval; the carotid-toe pulse interval; measures of central aortic compliance derived from assessment of stroke volume (SV) and pressure tracings over the carotid arteries; and the measure SV/PP where PP is the pulse pressure in the brachial artery. The aim of this study was to assess the relationship between these measurements and age, before and after adjustment for systolic and diastolic blood pressure.
Materials and methods

Central aortic compliance
Stroke volume (SV) was measured by Doppler echocardiography using an established and validated technique that is in routine use in the echocardiography department.
7 SV (ml/beat) = TVI × CSA, where TVI is the time velocity integral and the crosssectional area (CSA) was calculated, assuming a circular geometry of the outflow tract, as:
where d is the left ventricular outflow tract diameter. From the apical echocardiographic projections, the maximal left ventricular outflow tract velocity was measured using pulsed wave Doppler. The area under the velocity curve TVI was determined using standard calculation packages by tracing the maximal velocity curve using a trackball.
The carotid pressure tracing was obtained by means of a pencil-sized probe placed over the maximal pulsation of the artery. This probe contains a Millar micromanometer (model SPR-428, Millar Instrument Inc, Houston, TX, USA), which has the same high fidelity characteristics as Millar intravascular catheters. The transducer has a small pressuresensitive area (0.5 × 1.0 mm), with a frequency response greater than 2 KHz, coplanar with a larger area (7 mm diameter of flat surface). Applanation tonometry requires the flattening or applanation of the curved surface of a pressure containing structure. When a superficial artery is compressed over the point of its maximal impulse, high-fidelity pressure contours can be obtained. This tonometer has been found to provide an accurate estimate of the central aortic pressure wave. 8 The pressure waveform obtained is subsequently calibrated by linear interpolation using diastolic and mean brachial blood pressures. 9, 10 The calculation of central aortic compliance (CAC) employed the method of Liu et al 11 using the measured stroke volume and the area under the calibrated carotid pressure trace determined in systole and diastole, the transition being given by the dicrotic notch. This provides a suitable estimate of central aortic compliance as the pressure throughout the cardiac cycle is taken into account and the calculated value is less sensitive to small deviations from the ideal Windkessel model.
The pulse pressure was taken from a Novacor machine and, if not available, from a Dinamap (see below). An approximate central aortic compliance was also computed as stroke volume measured echocardiographically as described above, divided by pulse pressure (PP) in units of ml/mmHg. This is termed SV/PP and has a good correlation between central compliance calculated using the area method.
12
Pulse wave velocity
Over the carotid, applanation tonometry was used to obtain the arterial pressure waveform from the common carotid artery, using the same applanation tonometer as detailed above.
In the middle finger and second toe the Finapres (Ohmeda, Madison, USA) was employed to record pressure waveform for determination of the time of arrival of the pulse wave at these locations.
The QKD interval was obtained using the Novacor, Diasys 200, a commercially available automatic device adapted from a electrocardiogramgated auscultatory ambulatory blood pressure monitor that provides blood pressure and the time between the onset of QRS and the onset of the last Korotkoff sound in the brachial artery (diastolic pressure) called the QKD interval. The cuff is positioned on the left arm with three electrodes placed on the chest to allow the detection of a QRS signal. The band pass frequency range of the microphone positioned over the brachial artery was from 30 to 70 Hz.
Carotid-toe and carotid-finger intervals:
The pressure pulse waves at both sites were measured simultaneously using carotid applanation tonometry and the Finapres device. The arrival-time of the pressure pulse wave at the carotid artery, the finger and the toe was determined as the point at maximum rate of change of the first derivative of the recorded pressure wave. The differences in arrival time between the carotid artery and finger and the carotid artery and toe (in msec) were not closely related to height (r = 0.16 and 0.13 respectively) and the carotidfinger and carotid-toe intervals were not adjusted for height. However, QKD interval was related to height (r = 0.66, P = 0.002) and appropriate adjustments were made.
Blood pressure measurement
Blood pressure was measured using three devices:
(1) Dinamap (81000, Critikon, FL USA) is a microprocessor controlled, non-invasive device that automatically measures arterial systolic pressure, diastolic pressure, mean arterial pressure and pulse rate using an oscillometric technique. (2) The Novacor, Diasys 200 provides both systolic and diastolic (auscultatory) brachial pressure. (3) Finapres allows a continuous record and a realtime display of the peripheral arterial pressure wave from the finger or toe. It consists of a finger cuff with an infra-red transmission plethysmograph, a servo control box and a monitor unit and is claimed to provide measures of mean and diastolic pressure close to those in the carotid arch. 13 The reproducibility of the measures of pulse interval and SV/PP have previously been described 14 and
were satisfactory with coefficients of variation (CV) of 7-10%. The CV for central aortic compliance in our laboratory was greater at 14 -17% consistent with it being a derived parameter but can be as low as 9.2%. 15 The data in the present communication are based on readings averaged over four times for central aortic compliance and the carotid-finger interval, three times for the QKD interval and over two measurements of the carotid-toe interval.
Subjects
Thirty-six volunteers (30 men) 
The Finapres was not available for all the studies but provided satisfactory data when applied to the finger and in 21 of 25 subjects (84%) when applied to the proximal phalanx of the second toe (in one patient the measurement was made using the big toe because of a congenital abnormality). All measurements were taken with the subjects recumbent over a 30-45 min interval.
Stroke volume varied from 47 to 175 mls between subjects, Dinamap systolic from 113 to 172 mm Hg, Novacor systolic from 111 to 172 mm Hg, Dinamap diastolic from 64 to 108 mm Hg and Novacor diastolic from 50 to 103 mm Hg. Table 1 gives the average age of the subjects and the range, 20-84 years. Although the average age of the subjects was 49 years, they fell into two main groups; 20-39 years and 60-84 years. The average central aortic compliance was 3.09 arbitrary units, range 1.30-6.08, a five-fold range. The corresponding estimate of SV/PP ranged from 0.9 to 2.6 ml/mmHg, three-fold range. The carotid-finger interval ranged 1.7 times from 81 msec to 140 msec, the QKD interval 1.8 times between 130 and 234 msec and the carotid-toe interval 1.4 times between 167 and 233 msec. Systolic blood pressure The relationship between these measures and age is given by the Pearson correlation coefficients and regression equations in Table 2 . The carotid-toe, QKD interval and CAC were closely and negatively related to age, r = −0.58 (P Ͻ 0.01), −0.60 (P Ͻ 0.01) and −0.51 (P = 0.01) respectively. This relationship was not markedly attenuated by adjustment for systolic or diastolic blood pressure. Measurements of carotid-finger interval and SV/PP were not closely associated with age. Age explained 36% of the variation in QKD (61% after adjustment for height), 34% of the variation in carotid-toe interval and 26% of the variation in CAC.
Results
The theoretical percentage fall in compliance between ages 40 and 55 years was greatest for the central aortic compliance at 13% and the 'fall' for the carotid-toe interval and QKD interval was 4 -6% (Table 2) .
After adjustment for age (and height for QKD), diastolic pressure was not related to carotid-toe interval, QKD interval or CAC (P Ͼ 0.5 for all regression coefficients). However the relationship between age and carotid-finger interval improved when adjusted for DBP. The results are given in Table 3 and show a negative relationship between the interval and DBP and a positive relationship with age.
Similarly systolic blood pressure was not related to QKD interval or CAC in these volunteers (P = 0.44 and 0.53 respectively). However the 95% confidence intervals for regression of carotid-toe interval on SBP were −0.07, +0.81 (P = 0.11) and for carotidfinger interval −0.68, +0.12 (P = 0.17).
Discussion
The choice of measurement for assessing aortic compliance will depend on many factors including validity (does it measure what is it supposed to measure?), reproducibility and sensitivity to changes produced by biochemical abnormality and/or disease processes. With respect to validity, central aortic compliance is a more direct measure of the functional state of the vasculature at the point of measurement, ie, immediately distal to the aortic valve, than is PWV, a relatively indirect method of estimating aortic compliance. Not only are the carotid-toe and carotid-finger intervals (pulse wave velocity, PWV) surrogate measures of compliance but the carotid-finger interval does not necessarily reflect the state throughout the aorta. Indeed the carotid-finger interval does not decrease with age and does not reflect compliance of the large arteries. The QKD measurements do not include the thoracic or abdominal aorta but do appear to reflect vascular compliance. Nevertheless measures that assess peripheral vessels may prove of both practical and theoretical interest. We advocate a combination of methods including either mainly elastic or mainly muscular arteries. Unadj, Unadjusted; Adj, Adjusted. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. The reproducibility of all the measurements has been reported to be satisfactory. 12, 15 With respect to sensitivity to disease processes Lehmann has discussed PWV and stated: 'The presence of advanced atherosclerosis has been correlated with the degree of aortic stiffening in animal studies, but not so far in human beings'. 16 However this is not true for measures of central aortic compliance 17, 18 or magnetic resonance imaging methods. 19 Therefore measures of central aortic compliance may be most suitable for detecting cardiovascular change, for example the effect of hormone replacement therapy. 20 Nevertheless the intention may be to determine not the presence or propensity to disease, but the relationship to age and possibly to examine biological age, defined as the difference between chronological and estimated age.
The measures closely related to age were QKD, carotid-toe interval, and CAC; age explaining 36%, 34% and 26% of the variation in these measures respectively. Blood pressure did not materially affect these relationships but diastolic blood pressure together with age explained 25% of the variation in the carotid-finger interval. We concluded that when assessing vascular compliance in terms of aging, then the preferred measures are QKD, carotidtoe interval and CAC. Moreover, these measures cover different vascular territories and both elastic and muscular arteries.
There is considerable dispute on the desirability and practicality of measuring biological age [21] [22] [23] but nevertheless certain biological variables do change considerably with age and are highly correlated in a linear fashion with chronological aging. It is anticipated that the deviation between the age predicted from these biological measurements and actual age will indicate the biological age of the subject. In studying this issue in middle-aged subjects we have reported Spearman correlation coefficients with age and also the percentage change from the age of 40-55 years. 24 Not surprisingly correlation coefficients of 0.39 have been reached between the percentage of grey hair and age in women and the 15 year increase has been that of 900%. Similarly skin inelasticity increases by about 100% over 15 years with correlation coefficients in the region of 0.38. Biochemical variables such as serum cholesterol increase by up to 18% in women with a correlation coefficient of 0.38 and 6% in men (r = 0.15). 25 If biological age is to be estimated, measurement of the carotid-toe, QKD interval or CAC would appear mandatory with correlation coefficients as high as −0.60. In view of such precision in estimating chronological age it is to be expected that the 15-year percentage change, although much lower than with other 'aging' variables, will suffice to produce improved estimates of biological age.
Mohiaddin and colleagues 26 found a positive association between aortic PWV and age (r = 0.87). They measured the PWV by magnetic resonance imaging with cine velocity mapping. Similarly, Lehmann et al 27 found a negative relationship between aortic distensibility and age (r = −0.63) when aortic compliance was derived from measures of PWV along the thoraco-abdominal aortic pathway using a non-invasive Doppler ultrasound technique. Vaitkevicius et al 28 using Doppler techniques and applanation tonometry, examined, normotensive, rigorously screened volunteers (aged between 20 and 90) and observed an age-associated increase in arterial stiffness as measured by aortic PWV (men: r = 0.50, women: r = 0.63). Badono et al 29 investigated
104 healthy volunteers and observed a decrease in aortic compliance with advancing adult aging (r = −0.42). Gosse et al 30 measured the QKD interval and found the correlation between age and the QKD interval to be r = −0.54, and Gamble et al 31 reported the distensibility of the common carotid to be reduced with advancing age (r = −0.78). Recently Liang et al 15 reported relationships with age in 50 volunteers, CAC, r = −0.50, and aorto-femoral PWV, r = +0.58. They also reported a low positive correlation between a peripheral estimate of vascular compliance, the femoral-dorsalis pedis PWV, and age, r = +0.25.
The QKD interval was first measured in the 1950s and 1960s. [30] [31] [32] The interval consists of the Q-E time, from the onset of the Q-wave until the onset of ejection (E) at the aortic valve and the E-K time, required for transmission of the pulse wave from the aortic valve to the point of sound production under the cuff. The Q-E time is approximately 80 msec and an average E-K time of 130 msec over 40 cm gives a PWV of 3 m/s. 32 The present subjects therefore had an average PWV between the aorta and brachial artery of between 2.4 and 6.7 m/s. The disadvantage of the QKD interval is the fact that the Q-E interval may differ between individuals and therefore the measure is not a direct measure of PWV. Nevertheless the QKD interval has been employed to diagnose thyrotoxicosis 33 and it decreases steadily throughout childhood and adolescence 34 indicating how aortic compliance starts to decrease early.
It is interesting that the square root of central aortic compliance (related to the reciprocal of PWV) did not relate more closely to age than the untransformed data. The transformed data were still less closely related to age than PWV, possibly indicating that central aortic compliance measures something in addition to the changes of aging.
Compliance decreases steadily with age as a consequence of increasing stiffness of the arterial wall. In studies of biological ageing our studies suggest that three measures may be worthwhile, central aortic compliance, the QKD interval and carotid-toe interval. The first will provide the best estimate of dV/dP, the second will assess the aging processes in the ascending aorta and brachial artery and the third will also identify the presence of peripheral vascular disease, a confounder of the aging process. More peripheral measures such as the carotid-finger interval or femoral-dorsalis pedis PWV may prove more valuable in determining the relationship between increasing blood pressure and lower vascular compliance. Measures of central aortic compliance were only weakly associated with blood pressure.
